6
transfected by lipid-mediated gene transfer as described previously (12) To quantitate endocytosis of chimeric Tac-95 receptor constructs, the percentage of cells that showed receptor endocytosis versus cells where the receptor remained predominantly on the cell surface was calculated. Approximately one hundred cells were counted from each of two independent assays for each construct. The counter was blinded to the identity of the constructs.
Data were analyzed by one-way ANOVA with Bonferroni corrections for multiple comparisons.
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Results

Postsynaptic Targeting of PSD-95 is Mediated by a C-terminal Tyrosine-Based Motif-As
described previously, PSD-95 protein missing its C-terminal 25 amino acids (700 to 724) is not fully synaptically targeted. Although there is some accumulation of the PSD-95 ∆25-GFP protein at synapses, the majority of the protein is found diffusely in the cell body and dendrites (12; Fig.   1A ). However, addition of 12 amino acids (700 to 711) fully restores postsynaptic targeting, such that most of the PSD-95 ∆13-GFP protein is concentrated at synaptic sites with very little visible in the cell body or dendrites (12; Fig. 1A ). These PSD-95-GFP clusters are synaptic as they colocalize with synaptophysin (12) and with the NMDA-type glutamate receptor (Fig. 1A) . Thus, a twelve amino acid motif between 700 to 711 is necessary for postsynaptic targeting of PSD-95.
Inspection of these twelve amino acids reveals a consensus sequence for tyrosine-based trafficking that conforms to the motif YXXΦ, where Y is a tyrosine, X is any amino acid, and Φ is a hydrophobic amino acid (Fig. 1A) . To determine if this tyrosine motif is involved in localizing PSD-95 to synapses, we mutated critical amino acids and assessed the effects on protein targeting in cultured hippocampal neurons. First we mutated the tyrosine residue to either alanine within PSD-95 ∆13-GFP (∆13 Y701A) or to serine within full length PSD-95-GFP (FL Y701S).
Mutations of this tyrosine significantly perturb PSD-95 targeting, as the mutant proteins do not localize properly to postsynaptic sites. Rather both ∆13 Y701A and FL Y701S occur diffusely within the cell body and dendrites and only modestly accumulate at synapses ( Fig. 2A) , a distribution similar to PSD-95 ∆25-GFP protein lacking the entire C-terminal targeting domain (Fig. 1A) . This mostly diffuse distribution is not explained by differences in expression level, as 9 the range of total pixel counts is similar for many constructs analyzed regardless of expression pattern (Table 1) . To quantitate the extent of synaptic targeting, we calculated a synaptic clustering ratio (SCR) for these and the other mutations described below ( 2B ; data not shown). Again, although these mutant proteins accumulate somewhat at synapses, much of the protein occurs diffusely in the cell body and dendrites. And again, the difference in targeting is not explained by differences in expression levels (Table 1) . These valine mutations yield SCRs statistically different from ∆13 WT but not from ∆13 Y701A or FL Y701S
and are therefore semi-clustered (Table 1 ). In contrast, conserved mutations of the valine to leucine 10 or to isoleucine (∆13 V704L and ∆13 V704I) do not disrupt targeting of PSD-95 ( Fig. 2B ; data not shown) and yield SCRs that are not statistically different from ∆13 WT (Table 1) .
Tyrosine-based Targeting Motifs are Present in PSD-95 Homologs-PSD-93 is a homolog
of PSD-95 that also localizes to the postsynaptic membrane in hippocampal neurons (12) . To determine if proper postsynaptic localization of PSD-93 also relies on a C-terminal targeting motif,
we deleted the C-terminal 25 amino acids. Whereas wild type PSD-93-GFP is efficiently targeted to the postsynaptic membrane, PSD-93 ∆25-GFP is more diffusely expressed, similar to PSD-95 Table 1 ).
The tyrosine-based motif is conserved in the C-termini of PSD-93 and other PSD-95 homologs ( Fig. 3) . However, the hydrophobic amino acid in PSD-93 is a cysteine, as compared to the more common leucine, isoleucine, and valine residue (19) . To determine if a cysteine can function in the context of this motif, the valine 704 of PSD-95 was replaced with a cysteine (∆13 V704C). Consistent with a conserved function, ∆13 V704C protein is predominantly synaptically targeted similar to PSD-95 ∆13-GFP ( Fig. 2B ; Table 1 ). A second discrepancy is the substitution of the tyrosine with a phenylalanine residue in DLG2. This conservative change occurs in the endocytic signal of some transmembrane proteins (20) , and a mutation of the tyrosine in PSD-95 to a phenylalanine (∆13 Y701F) does not disrupt synaptic targeting of PSD-95 ( Fig. 2 ; Table 1 ).
These results suggest a conserved targeting function for the tyrosine-based signal in homologs of PSD-95.
A Pair of Hydrophobic Amino Acids within the C-terminus of PSD-95 is also Necessary for
Postsynaptic Targeting-Additional mutagenesis was performed to further define the functional targeting motif. Mutations in the amino acids between the tyrosine and valine of the YXXΦ motif (∆13 H702A and ∆13 K703A) do not influence postsynaptic targeting ( Fig. 4 ; Table 1; data not 11 shown). Similarly, mutations of the two amino acids following valine 704 or the last three amino acids of the domain have minimal (∆13 K705A) or no effect on targeting (∆13 R706A; ∆13 E709A; Fig. 3 ; Table 1 ; data not shown). In contrast, mutating a pair of hydrophobic amino acids C-terminal to the tyrosine motif either separately (∆13 V707S and ∆13 I708S) within PSD-95 ∆13-GFP or together (FL V707S, I708S) in full length PSD-95-GFP disrupts postsynaptic targeting ( Fig. 4 ; data not shown). Again these mutants are diffusely expressed with only minimal accumulation at synapses (Table 1) . Interestingly, these critical hydrophobic amino acids are conserved among PSD-95 homologs (Fig. 3) , suggestive of a functional conservation.
The C-terminal Targeting Domain of PSD-95 Confers Endocytosis on the Transmembrane
Protein Tac Tac-95) is sufficient for endocytosis, and the chimeric protein is almost entirely displaced from the plasma membrane to endocytotic vesicles (Fig. 5A ). Quantification reveals that 56.3+2.0% of transfected cells endocytose the Tac-95 chimera similar to the 62+3.3% and 54+2.5% of cells that endocytose the Tac receptor fused to known endocytotic signals: the tyrosine-based motif of TGN38 and the di-leucine motif of the neuron-specific vesicular monoamine transporter (VMAT2), respectively (16, 17) . In contrast, 0% of cells endocytose Tac receptor alone. Consistent with clathrin-coated vesicles mediating the Tac-95 fusion protein endocytosis, co-expression of Tac-95 with dominantnegative (K44A) dynamin, a GTPase required for endocytic clathrin-coated vesicle formation, 12 disrupts endocytosis (Fig. 6 ). In contrast, co-expression of wild type dynamin has no effect (Fig.   6 ).
We next investigated the specificity of endocytosis conferred on the Tac Protein sorting signals often consist of either a tyrosine-based motif or a di-leucine motif (14) . Though some proteins contain both motifs, either motif can be sufficient to mediate protein internalization from the plasma membrane (21) . Thus it is unusual that endocytosis mediated by the C-terminal trafficking signal of PSD-95 requires both a tyrosine motif and a pair of hydrophobic amino acids that superficially resemble a di-leucine motif. Perhaps both these motifs in PSD-95 have weak affinities for the clathrin adaptor proteins so that a combination of both is necessary for internalization to occur. Alternatively, since the presence of both a tyrosine and a dileucine motif can result in protein sorting that differs from sorting that occurs with either motif alone (21), the combination within PSD-95 may be key for protein trafficking that contributes to postsynaptic targeting. Table 1 ). 
